Duplication of fgfr1 Permits Fgf Signaling to Serve as a Target for Selection during Domestication  by Rohner, Nicolas et al.
Current Biology 19, 1642–1647, October 13, 2009 ª2009 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2009.07.065
Report
Duplication of fgfr1 Permits Fgf
Signaling to Serve as a Target
for Selection during DomesticationNicolas Rohner,1,* Miklo´s Bercse´nyi,2 La´szlo´ Orba´n,3,4
Maria E. Kolanczyk,5 Dirk Linke,1 Michael Brand,5
Christiane Nu¨sslein-Volhard,1 and Matthew P. Harris1,*
1Max Planck Institute for Developmental Biology,
Spemannstrasse 35, 72076 Tu¨bingen, Germany
2Georgikon Faculty of Agriculture, University of Pannonia,
16 Dea´k F. Street, H-8361 Keszthely, Hungary
3Reproductive Genomics Group, Strategic Research Program,
Temasek Life Sciences Laboratory, 1 Research Link,
National University of Singapore, Singapore 117604
4Department of Biological Sciences, National University of
Singapore, 14 Science Drive 4, Singapore 117543
5Biotechnologisches Zentrum, Center for Regenerative
Therapies Dresden, Technische Universita¨t Dresden,
Tatzberg 47/49, 01307 Dresden, Germany
Summary
The genetic basis of morphological variation both within and
between species has been a lasting question in evolutionary
biology and one of considerable recent debate [1–3]. It is
thought that changes in postembryonic development
leading to variations in adult form often serve as a basis
for selection [4–6]. Thus, we investigated the genetic basis
of the development of adult structures in the zebrafish via
a forward genetic approach and asked whether the genes
and mechanisms found could be predictive of changes in
other species [7, 8]. Here we describe the spiegeldanio
(spd) zebrafish mutation, which leads to reduced scale
formation in the adult. The affected gene is fibroblast growth
factor receptor 1 (fgfr1), which is known to have an essential
embryonic function in vertebrate development [9, 10]. We
find that the zebrafish has two paralogs encoding Fgfr1
and show that they function redundantly during embryogen-
esis. However, only one paralog is required for formation of
scales during juvenile development. Furthermore, we iden-
tify loss-of-function alleles changing the coding sequence
of Fgfr1a1 that have been independently selected twice
during the domestication of the carp (Cyprinus carpio) [11].
These findings provide evidence for the role for gene dupli-
cation in providing the raw material for generation of
morphological diversity.
Results and Discussion
It is argued that alterations in regulatory regions of genes are
a primary means by which morphological variation can arise
in nature [12, 13]. Because developmental genes are often
required at several times and places during development,
mutations in the protein coding sequence are expected to
have detrimental effects on many organs, whereas a change
in the regional or temporal expression of the gene might only
affect a subset of organs. This would permit viable
*Correspondence: nicolas.rohner@tuebingen.mpg.de (N.R.), matthew.
harris@tuebingen.mpg.de (M.P.H.)morphological change [2, 13]. An alternate genetic mechanism
that relaxes this developmental constraint may be found in
gene duplication and divergence of function [1]. Gene or
genome duplication can lead to redundancy but also to an
adoption of different functions of the paralogous genes [14,
15]. Whole-genome duplication occurred frequently during
metazoan evolution, including a fish-specific duplication [16].
Duplication and Subfunctionalization of fgfr1
in the Zebrafish
In order to identify genes specifically involved in the develop-
ment of adult structures, we performed a large-scale mutagen-
esis screen in the zebrafish,Danio rerio, focusing on mutations
affecting postembryonic development. We isolated mutants
that exhibited phenotypic changes in the dermal skeleton,
such as scales, fins, and the skull, because these structures
are frequently varied in other species. We found several
mutants in which scale development and patterning were
affected. Scales are prominent characteristics of adult fish.
These are orderly patterned integumentary appendages and
play an important role in physiology, defense, and adaptation
to new environments [17].
One of the mutants we isolated, called spiegeldanio (spd;
Figures 1A–1D), displayed as homozygotes reduced scale
number and aberrant scale pattern over the whole body, with
few scales forming on the flank (Figures 1C, 1D, and 1F). The
remaining scales exhibited a characteristic shape change
with dorsolateral elongation of the scales and were generally
larger than those of the wild-type (Figure 1G); however, other
elements of the dermal skeleton such as the teeth and fins
were not affected in spd. The spd mutation is homozygous
viable with no obvious growth or health disadvantages and
no detectable larval phenotype. Analysis of segregation of
spd with simple sequence length polymorphism markers indi-
cated linkage to chromosome 8 within a 680 kb interval (see
the Supplemental Experimental Procedures available online).
We identified fibroblast growth factor receptor 1 (fgfr1) among
ten potential candidate genes within this interval (Figure S1).
Whole-mount in situ hybridization in 1-month-old wild-type
and spd individuals showed expression of fgfr1 on the growing
edge of the scales (Figures 2C and 2D) similar to the pattern of
expression of ectodysplasin A receptor (edar) and sonic
hedgehog (shh) [18, 19]. Sequencing the cDNA of fgfr1 from
spd mutants revealed a missense mutation (R705H) in the
kinase domain. The affected arginine in spd is highly
conserved in vertebrates (Figure S2) and invertebrates (data
not shown). Segregation analysis of spd with fgfr1 showed
no recombinants in 664 meioses (<0.15 cM distance). To deter-
mine whether the lesion found in spd might alter the structure,
and thus the function, of Fgfr1 protein, we mapped the muta-
tion onto the X-ray structure of the human FGFR1 kinase
domain [20]. The residue altered in spd is not predicted to
have a critical role in mediating ATP binding or in mediating
autophosphorylation sites (Figure S3). To further test whether
fgfr1 underlies the spd phenotype, we isolated an additional
allele of fgfr1 by reverse genetics (targeting induced local
lesions in genomes [TILLING]; [21]) with a premature termina-
tion codon in the kinase domain of fgfr1 (W671X; Figure 2B).
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(A–E) Alizarin red stain showing the skeleton of wild-type (A and B) and spiegeldanio (spd) (C and D) zebrafish in comparison to the mirror variety of the
common carp (E).
(A, C, and E) Lateral views.
(B and D) Dorsal views.
(F and G) Effect of the spd and common carp mirror mutation on the number (F) and size (G) of scales. Error bars represent standard deviation of the mean.
**p < 0.005, ***p < 0.0005 versus wild-type (WT).
(F) Mean total number of scales from one flank each of three fish from each genotype.
(G) Five scales from each of three individual fish for each genotype were used for size analysis (light gray bars indicate anterior-posterior; medium gray bars
indicate dorsal-ventral). Size is normalized to total standard length.The spd allele failed to complement fgfr1huW671X, and transhe-
terozygous adults exhibited a spd phenotype, confirming that
R705H is the lesion causing the spd phenotype (Figure 2E). We
did not detect an embryonic phenotype in progeny from homo-
zygous fgfr1huW671X parents, at variance with previous obser-
vations with morpholino knockdown [22].
Loss of fgfr1 function is embryonic lethal both in mammals
[9, 23] and in the medaka, another teleost model system [10,
24]. Thus, it is surprising that the mutations affecting fgfr1
that we found in the zebrafish do not show an embryonic
phenotype. Thus far, only a single ortholog has been described
for fgfr1 in teleosts [10, 22]; however, by analyzing a new anno-
tation of the zebrafish genome (Zv7; http://www.ensembl.org),
we identified a poorly annotated gene with a predicted protein
sequence showing high similarity to Fgfr1 (fgfr1b; Figure S4).
Subsequent analysis of the genomes of other teleosts also
indicated the existence of a second fgfr1 (fgfr1b) paralog not
previously reported. Phylogenetic analysis shows clustering
of two distinct groups of fgfr1 genes in teleosts, consistent
with a whole-genome duplication at the base of teleost evolu-
tion (fgfr1a and fgfr1b; Figure 3A) [16].
We analyzed the expression of both zebrafish fgfr1 genes
by reverse transcriptase-polymerase chain reaction (RT-PCR)
and in situ hybridization. Both fgfr1 paralogs are expressed
during early development in a very similar pattern, with the
exception that fgfr1a but not fgfr1b is expressed in the poste-
rior lateral line (Figure S5). In the skin of 4-week-old zebrafish,
at the time at which scales usually form, only fgfr1a isexpressed, however (Figures 3B–3E). To test for functional
redundancy between the paralogs, we injected morpholino
oligonucleotides directed against splice sites in fgfr1b into
wild-type and spd embryos from homozygous parents. Wild-
type embryos showed no specific effect of reduction of Fgfr1b
activity (1% affected; n = 78), whereas spd embryos showed
clear reduction in the posterior mesoderm at 48 hr postfertili-
zation (87% affected; n = 72; Figures 3F and 3G; Figure S6)
reminiscent of the phenotype of the medaka fgfr1a/headfish
mutant [10, 24]. Reducing Fgfr1b levels in embryos homozy-
gous for the huW671X allele produced effects similar to those
observed in spd and resembled those in embryos treated with
morpholinos against both fgfr1a and fgfr1b (Figure S6). The
knockdown phenotypes resembled those obtained by treat-
ment of post-gastrula-stage embryos with SU5402, a specific
inhibitor of Fgfr1 (Figure S6), suggesting that the spd and
huW671X alleles are strong hypomorphs. We found a differ-
ence in severity between our fgfr1a alleles, with huW671X
showing juvenile lethality and varying penetrance as a result
of background modifiers (data not shown). Our finding that
only reduction of both Fgfr1 paralogs affects embryonic
development demonstrates that in zebrafish, in contrast to
medaka, the fgfr1 paralogs can functionally compensate for
each other during early development. However, their differen-
tial expression during juvenile stages supports a specific
requirement for fgfr1a in scale development. This is a case
of gene subfunctionalization whereby two paralogs adopt
different functions following duplication. In the case of fgfr1,
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(A) Schematic view of predicted fgfr1a structure and site of zebrafish mutations.
(B) Nucleotide alteration in fgfr1at3R705H and fgfr1ahuW671X.
(C and D) fgfr1a expression in the developing scales and lateral-line organs in wild-type fish (C) and in remaining scales of spd fish (D) (both 10 mm standard
length).
(E and F) Phenotype of transheterozygous (fgfr1at3R705H/fgfr1ahuW671X) fish (E) showing scale loss similar to spd homozygotes in different genetic
backgrounds (F).this is reflected in the difference in expression between the
two paralogs.
fgfr1a Underlies Loss of Scales in Domesticated Carp
A valuable approach to understanding the genetic basis of
morphological change has been to examine cases of domesti-
cation [25]. One prominent example of domestication in tele-
osts occurred in a close relative of the zebrafish, the common
carp (Cyprinus carpio L.), in which strains with varying degrees
of scalation have been bred over the last 500–1000 years
because of the ease of preparation of carp without scales.
Common carp was cultivated because of its value as substitute
for meat during Lent in medieval times. Currently, the common
carp is one of the top producing species in global aquaculture,
and its colored varieties are used for ornamental purposes in
Japan, China, and elsewhere throughout the world. The
genetic basis of scale reduction in the common carp has
been studied in depth and is a classical case of the genetics
of domestication in fish. The most common scale-reduced
phenotype, the mirror carp, is caused by a single locus (s)
that results in a reduction in scales along the flank (Figure 1E;
Figure 4B) [26]. To date, the gene or genes causing this varia-
tion are unknown. The common carp has a large genome, with
approximately 1.7 Gb and 100 chromosomes [27]. This com-
plexity results from an additional whole-genome duplication
of these teleosts that dates back approximately 12 million
years [28] (Figure 3A). Because of the phenotypic similarity of
the zebrafish spd mutant and the mirror carp (Figure 1), we
asked whether spd could reveal the nature of the mirror locus
in the common carp that served as a target for selection.
By RT-PCR, we isolated an ortholog of fgfr1a from the carp
and found two paralogs of this gene (fgfr1a1 and fgfr1a2),consistent with the additional whole-genome duplication in
the carp. The fgfr1a paralogs from the common carp cluster
with zebrafish fgfr1a (Figure 3A). Analysis of fgfr1a1 cDNA
derived from mirror carp revealed a 111 bp deletion. As in
the spd mutation, this deletion lies within the predicted kinase
domain of the receptor. Comparison to zebrafish cDNA
suggests that the deletion is caused by the defective splicing
of an entire exon, leading to a 37 aa deletion in the protein.
Amplification of the genomic locus revealed a 310 bp deletion
comprising the entire splice acceptor site and part of the
adjoining exon 11 (Figure 4D). It is known from phylogenetic
analysis of different common carp strains that the mirror
carp variety arose at least twice from independent cases of
selection during the breeding process [11]. Analysis of
samples from a different population (see Supplemental Exper-
imental Procedures) revealed a separate mutant allele of the
fgfr1a1 gene that correlated with the mirror phenotype. This
second mutation results in a missense mutation (E664K), again
in a highly conserved region of the kinase domain (Figure 4D;
Figure S2). Modeling this glutamate residue onto the X-ray
structure of the kinase domain of human FGFR1 (human
E670) predicts severe effects of this change on the overall
structure of the activation domain (Figure S3). Because of
the severity of the mutations in carp fgfr1a1, it is likely that
both the deletion and the point mutation are loss-of-function
alleles.
In order to determine the correlation between the identified
fgfr1a1 alleles and the mirror phenotype, we analyzed their
association in populations of mirror and scale carp. In each
of 120 mirror carps, either one of the two allele variants was
present in homozygous condition, or they were found in
trans-allelic combination (ss). In all 64 scaled carps, the mutant
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1645Figure 3. Specific Postembryonic Function of the Zebrafish fgfr1a Gene and Functional Redundancy of fgfr1 Paralogs during Early Embryogenesis
(A) Neighbor-joining consensus tree of fgfr1 paralogs in teleosts. Bootstrap values are listed at nodes. Human Fgfr1 is shown as a representative of the
sarcopterygian clade. Asterisks denote positions of whole-genome duplication events.
(B and C) Analysis of the expression of zebrafish fgfr1a (B) and fgfr1b (C) paralogs during development shows expression through early development of both
genes by RT-PCR (35 cycles). Only fgfr1a expression was detected in RNA of skin from fish at 30 days postfertilization (dpf).
(D and E) In situ hybridization analysis shows the differential expression of the two paralogs during scale formation. Arrowheads point to regions of
expression.
(F) Morpholinos (MO) targeting splice site junctions of fgfr1b effectively blocked splicing, leading to inclusion of an intronic sequence assayed by PCR
amplification of cDNA.
(G and H) Injection of fgfr1b morpholino into wild-type embryos (G) shows little effect, whereas injection into spd embryos (H) results in specific posterior
mesenchyme deficiencies of the tail.alleles were either absent (SS) or heterozygous (Ss). Crosses
of heterozygous carriers for either the deletion or the E664K
allele with known carriers or homozygous mirror individuals
gave rise to progeny with the mirror phenotype in the expected
Mendelian frequency, whereas crosses predicted to yield only
scaled progeny did so (Table 1). Genotyping of the progeny
from these crosses indicated close linkage of the mirror
phenotype to the fgfr1a1 locus (382 meioses; <0.26 cM; Table
1). Because there are two fgfr1a paralogs in the carp, it
remained unclear whether these retained complementary
functions. We tested the function of carp Fgfr1a2 to assess
putative divergence in function of the protein. In Fgfr1-defi-
cient zebrafish embryos (spd:fgfr1b-MO), wild-type carp
Fgfr1a1 could rescue the embryonic phenotype. Interestingly,
Fgfr1a2 showed decreased efficacy in the embryo (Figure 4E).
Consistent with this finding, carp Fgfr1a2 has several amino
acid changes in the kinase domain that may impair its function
(Figure S2). Notably, in the same functional assay, the E664K
missense allele of mirror carp Fgfr1a1 was not able to rescueFgfr1 function (Figure 4E), confirming that it is a loss-of-func-
tion allele.
The isolation of two independent mutations in the fgfr1a1
gene of common carp linked to the mirror phenotype demon-
strates that mutations at this locus cause both aspects of the
phenotype, the reduction in scale number and the altered
scale shape and size (Figures 1F and 1G). Our finding of two
mutant alleles in the Fgfr1a1 kinase domain of the common
carp suggests that these are the two alleles that were isolated
and fixed by selection for the mirror phenotype by breeders
throughout Europe and Asia.
The original work of Kirpichnikov and Balkashina [29, 30] on
the genetics of scalation in the carp postulated the presence of
an additional dominant gene (Nude, or N) that leads to scale
loss in a distinct ‘‘linear’’ scale pattern (NnSS,NnSs). In combi-
nation with the mirror gene, this leads to total scale loss (Nnss).
We recovered several linear carps (n = 14; Figure 4C), which we
expected to be either wild-type or heterozygous for mutant
alleles of fgfr1a1 and heterozygous for the Nude locus.
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1646Figure 4. Two Independent Mutations Affecting the Fgfr1a1 Kinase Domain Were Selected Twice during Carp Domestication
(A and B) Scaled (A) and mirror (B) varieties of the common carp.
(C) An ‘‘ss’’ common carp individual resembling the classic ‘‘linear’’ phenotype.
(D) Molecular alteration in the deletion allele of mirror carp fgfr1a showing loss of a genomic region surrounding an exon/intron boundary. Inset in middle:
size polymorphisms amplified from the genomic region in scaled and mirror carp. Nucleotide alteration in the second allele of mirror carp is shown adjacent
at right.
(E) Carp fgfr1a1 RNA rescues Fgfr1 deficiency in the zebrafish (spd:fgfr1b-MO), whereas carp fgfr1a1 E664K and fgfr1a2 RNA do not. Error bars represent
standard deviation of the mean. **p < 0.005 versus control by paired t test.However, genotyping of these individuals showed that they
were all homozygous for the mutant alleles of fgfr1a1. We
conclude that in these cases, at least, a Nude locus does not
seem to be involved and these individuals represent modified
mirror carps. These findings further suggest that diverse scale
phenotypes can be derived through alteration of Fgfr1a
signaling by background modifier loci. The potential of
Fgfr1a-mediated signaling in generating diverse morphologies
supports the capacity of this pathway in serving as a target for
morphological change.
Conclusions
In this study, we have shown that the Fgf signaling pathway
underlies patterning of the adult dermal skeleton in the zebra-
fish as well as skeletal variation selected during common carp
domestication. The fact that zebrafish and carp individuals
homozygous mutant for fgfr1a are viable despite the important
role of Fgfr1-mediated signaling in early development [9, 23,
31] is the result of redundant function of two paralogs during
early embryogenesis. Following whole-genome duplication in
teleosts [16], the fgfr1a paralog acquired an adult-specific
function, as evident by its specific function and expression in
scales. This subfunctionalization after gene duplication ex-
plains the potential for alterations in fgfr1a to permit adult
phenotypic change that became evident in the selection for
the loss of scales in domesticated carp variants. Assuming
that such cases of adult-specific subfunctionalization might
be not unusual in fish, this renders genetic screens for adult
phenotypes in zebrafish a promising avenue for the discovery
of genes underlying evolutionary change. For example, it is
estimated that 20% of zebrafish genes that exist as a singlecopy in mammals have two paralogs [32], some of which
show evidence of diverged function (e.g., [33, 34]). Teleost
fish represent the largest assemblage of vertebrates, com-
prising over 26,000 species with astonishing morphological
and physiological diversity [35]. Although little is known con-
cerning the genetic basis of this diversity, it is clear that gene
duplication is commonplace within teleost groups, providing
a source of genetic raw material for selection [16].
The instance of morphological change that we have docu-
mented is the result of artificial selection during domestica-
tion—which is rather different from natural selection. However,
it is not unlikely that the same genes might account for similar
phenotypic changes that occurred during natural evolution.
Indeed, loss of scales is not uncommon in fish: within the
Table 1. fgfr1a1 Is Linked with the Mirror Carp Phenotype
Genotype of
Parental Cross
Total
Progeny (n)
Scaled
Carp (n)
Mirror
Carp (n)
Number of
Recombinants/
Meioses
#1 EK/EK 3 EK/+ 100 48 52 0/52
#2 EK/EK 3 EK/+ 37 20 17 0/17
#3 EK/EK 3 EK/+ 22 10 12 0/12
#4 EK/EK 3 del/+ 125 60 65 0/65
#5 EK/EK 3 del/+ 254 136 118 0/118
#6 EK/+ 3 del/+ 190 131 59 0/118
Total number 323 0/382
Directional crosses were made between mirror carps and genotyped
fgfr1a1 mutant carriers. Parents were genotyped, and the progeny of the
pairs were raised and sorted by scale phenotype. F1 progeny exhibiting
a mirror phenotype were genotyped for the presence of the corresponding
parental alleles. The following abbreviations are used: EK, E664K missense
allele of fgfr1a1; del, deletion.
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scale reduction and/or loss have occurred independently in
natural populations at least thirteen times in six different fami-
lies [35]. In addition, elucidating artificially selected loci (e.g., in
domesticated species such as maize, barley, horses, dogs, or
the common carp, as here) is interesting in its own right, in that
it can reveal the developmental mechanisms underlying the
evolution of morphological diversity.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures and six
figures and can be found with this article online at http://www.cell.com/
current-biology/supplemental/S0960-9822(09)01542-5.
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